A visual transient due to a sudden visual change is generally considered to draw our attention to a location of interest. In a series of experiments we investigated how visual transients facilitate change detection in a scene. In line with earlier reports, we found that a transient sensation has its roots in a temporal interaction at a monocular processing level. Interestingly, we also show that visual transients make it possible to detect a change in the eye of origin, despite the fact that observers have no clue as to which eye is stimulated. That is, visual transients are detected even when there is no perceptual change in the visual content after binocular fusion. More importantly, we show that observers cannot distinguish the transient due to a change in eye of origin from a feature change (the orientation of a Gabor). Both are perceived as actual changes. We conclude that a transient signal is sufficient for the visual system to judge whether something has changed over time.
Introduction
In general, most people naively believe that they have a clear representation of the visual world. However, recent studies dealing with change blindness demonstrate that the amount of information we can explicitly hold in mind is limited, and that focal attention is required to make the visual information consciously accessible (see Rensink, 2002 , for a review). Change blindness can be observed when a change occurs during a blank interval (Pashler, 1988; Phillips, 1974) or when irrelevant transient stimuli are presented together with a change (O'Regan, Rensink, & Clark, 1999) .
To detect a change in a visual scene, the visual system utilizes two distinct mechanisms. The first can account for a rather automatic detection of low-level transients (e.g. Pashler, 1988; Phillips, 1974) . This type of change detection is parallel and unlimited in capacity: a visual change will give rise to an immediate sensation of a visual transient. However, the sensation of a transient is abolished, for example, when a blank frame is inserted between successive frames (Pashler, 1988; Phillips, 1974; Simons, 2000) . In those cases, the actual detection of the change has to rely on the second mechanism. In order to find the change, the objects in the display have to be searched and memorized in a consciously accessible form so that comparisons between the two presentations at different time intervals can be made (Rensink, O'Regan, & Clark, 1997) . Since this form of memory is limited in capacity, observers are normally unaware of even obvious changes. In such a case, focal attention to the locations of the changes is necessary for change detection.
The focus of the present study is the first type of change detection mechanism; the one based on low-level transients. How are transient sensations created in our visual system? A monocular mechanism was proposed by Phillips and Singer (1974) . In their experiments, they successively presented two patterns containing a large number of dots. Observers were required to report whether the second image contained a change or not (nowadays also known as the single-shot paradigm). Changes were defined as either the disappearance of a dot or the appearance of a new dot. Since the stimulus pattern contained a large number of dots, observers could not explicitly register sufficiently large number of dots in memory to find the change. Therefore detection of the change had to rely on the low-level transient.
When the two successive patterns were presented to the same eye, the detection performance was high, but only for short inter-stimulus intervals (ISIs). For longer intervals, the performance deteriorated. Even more interesting, when the first and the second stimuli were presented to different eyes, observers could hardly detect a change regardless of the duration of the interval. This means that automatic change detection is based on mechanisms that are located in the monocular stage of the visual system.
We will further corroborate the monocular nature of the transient generation using a paradigm where observers are required to detect a change in the eye of origin. If the transient generation relies on a monocular mechanism, it will be possible to detect a change in the stimuli, even if the overall visual content is constant.
Moreover, this stimulus configuration offers an opportunity to dissociate transient sensation from actual feature changes (see Fig. 2(a) ). Sudden visual changes are closely tied to visual transients, i.e., they are usually accompanied by a transient sensation. However, the change in the eye of origin offers a situation in which transient sensation is created at the location of the change, but the visual content of features remains constant. As we will show, the transient sensation is a core visual sensation dissociable from the percepts for visual features (see Experiment 2). Furthermore, we examine two possible roles of visual transients in change detection. The first is related to exogenous attention, which is automatically directed to a location of a transient signal. It is often argued that visual changes involving transients are easy to detect, because transient stimuli attract our attention to the location. However, if change detection involves a comparison of the pictures of both before and after a change, attention needs to facilitate the featural analysis of not only the present, but also the immediate past. However, it is not known whether attention drawn by a transient can actually facilitate our visual analysis of the stimulus in the immediate past (but see Landman, Spekreijse, & Lamme, 2003) . Alternatively, the featural analysis may not be a necessary component of change detection. The effortless nature of detecting a transient change can also be explained, if the visual system interprets the transient signal as an actual event of a change.
The experiment on the changes in the eye of origin, as described above, provides a clear test for these two hypotheses. The results show that a transient signal is sufficient for the visual system to judge that something has changed. It turns out that a feature change in the visual content is not a necessary condition. In other words, transient signals as such arising from a change in the eye of origin can induce a subjective impression of a change.
Experiment 1: Monoptic vs. dichoptic change detection
In the first experiment we try to replicate the experiment by Phillips and Singer (1974) using our stimulus configuration. The experiment was designed to shed light on two important characteristics of the change detection mechanism. First, the role of the ordering of the successive frames (within and between eyes), and second the role of ISI duration (see Fig. 1(a) and (b) ).
The rationale is that a change between two successive stimulus presentations to different eyes will be hard to detect irrespective of the ISI. This dichoptic condition will examine whether change detection is mediated by monocular mechanisms. In the monoptic condition, however, the performance does depend on the ISI. When the interval is short, detection will be automatic and easy. When the ISI becomes longer, detection will become less automatic and eventually result in change blindness. This ISI-dependency will give us an insight into the temporal integration characteristics of the detectors that are responsible for immediate change detection.
Methods

Observers
Five observers participated in this experiment. Each observer had normal or corrected-to-normal vision. All except one (author RK) were naive as to the hypotheses of the experiment. The stimuli were generated on a G4 Macintosh computer using Matlab PsychToolbox (Brainard, 1997; Pelli, 1997) and presented on a 21-inch CRT monitor. The refresh rate of the display was 75 Hz and the resolution 1280 · 1024 pixels. Observers viewed the stimuli through two pairs of mirrors mounted at a distance of 57 cm from the display. With the mirrors, the actual viewing distance was 70 cm.
Stimuli and apparatus
We used stimuli as shown in Fig. 1 (a) and (b). The stimuli consisted of eight Gabor patches that were presented at an eccentricity of 1.92°. The sigma of the Gabors was 0.192°. Each patch was surrounded by a white ring (23 cd/m 2 ) to support binocular fusion. The diameter of the inner edges of the rings was 1°and the width of the rings was 0.128°. To further ensure stable binocular fusion, 7 high-contrast rectangular frames were drawn outside the area where the stimuli were presented (not shown in Fig. 1 ). The spatial frequency of the carrier of the Gabors was 0.576 cpd. The image of eight Gabor patches was presented for 533 ms (hereafter, we refer to this first presentation as P1). P1 was followed by a 'blank' frame (11.5 cd/m 2 ). The presentation time of this blank frame was variable, either 13, 40, 67, 133, 333 or 667 ms. While the blank frame was present, the rings and the fixation cross remained visible to maintain binocular fusion. Subsequently, a second set of eight Gabor patches was presented for 133 ms (hereafter P2), in which one of the Gabor patches changed its orientation by 30°.
The stimulus presentation was either monoptic or dichoptic. In the monoptic condition, P1 and P2 were presented to the same eye, either both to the right eye or both to the left eye. In the dichoptic condition, P1 was presented either to the left or to the right eye, and P2 was presented to the other eye.
Procedure
We instructed the observers to report the location of the change by pressing the corresponding key after each trial. All observers were trained for at least for 3 sessions on separate days prior to the formal experiment. The formal experiment consisted of 196 trials for each subject: 8 (positions of the change) · 2 (eye-of-origins, left and right) · 2 (monoptic and dichoptic conditions) · 6 (ISIs). Feedback was given by a beep. Fixation on the central cross was required throughout the experiment.
Results and discussion
The results are shown in Fig. 1(c) . The data were collapsed over positions of change and eye of origin, which resulted in 16 samples for 12 conditions (monoptic vs. dichoptic as a function of ISI). We show the proportion of trials in which observers reported the location of the change correctly. Note that the chance level is 12.5%. In the monoptic condition, the performance was high at the short ISIs and drastically decreased as the ISI increased (Spearman rank-order correlation, R s ¼ À0:86, P < 0:001). This sudden decrease reflects the predicted transition from the transient-based detection to change blindness. In the dichoptic condition, the performance was poor even for short ISIs. These findings corroborate the earlier findings that transient-based change detection mechanism has monocular origins .
Although the results show that transient-based change detection is largely monocular, binocular mechanisms do seem to contribute to change detection as well. The results of the dichoptic condition show a slight ISI-dependency. The detection performance decreased monotonically as the ISI increased (Spearman rankorder correlation, R s ¼ À0:61, P < 0:001). An explanation may come from a binocularly responding motion detection mechanism. Although dichoptically presented change is invisible for monocular motion detectors (Marr & Ullman, 1981; Reichardt, 1961) , binocular motion detection is known to work in some conditions (Braddick & Adlard, 1978; Georgeson & Shackleton, 1989 ; but see Green & Blake, 1981) .
Notwithstanding this binocular effect, our results indicate that the primary mechanism for the automatic transient-detection is monocular. Moreover, the results show that the temporal integration time is short. Higher performance in the monocular condition compared to the dichoptic condition was found only for ISIs equal or shorter than 67 ms (pair-wise t-test, P < 0:05).
Experiment 2: Transient sensations without a change
In the previous experiment, we have shown that the transient detection is primarily mediated by a monocular mechanism. In this experiment, we constructed stimuli where the transient sensation occurs as result of a change in the eye of origin (Fig. 2(a) ). Given the outcome of Experiment 1 and following Phillips and Singer's line of reasoning, a change that occurs within one eye should be detectable even if the fused image is perceptually constant. This is illustrated in Fig. 2(a) . In this case, there is no perceived change when the images are binocularly fused, because one is not aware of the eye from which the visual input originates. However, given the monocular nature of the transient generation, a change in the eye of origin will again produce a transient. Therefore, a change in the eye of origin should be detectable based on the transient sensation. In this experiment, we show that this is indeed the case.
Methods
Observers and apparatus
Observers and apparatus in this experiment were identical to the previous experiment.
Stimuli
The stimuli were similar to those used in Experiment 1 except that:
1. single patches could have a different eye of origin and 2. the orientations of carrier of the Gabor did not change, leaving the fused images unchanged (Fig. 2) .
In P1, one eye was presented with seven Gabor patches (distractors) with random orientations, while the other eye was presented with only one Gabor patch (target) at the empty location. When these two images are fused, all eight Gabors are perceived. This stimulus is indistinguishable from a stimulus in which all eight Gabor patches are presented to one eye only. The ISI between P1 and P2 was varied between 13, 40, 67, 133, 333 or 667 ms.
Procedure
Like in Experiment 1, observers performed a transient-detection task in which they were required to report the location where a transient sensation occurred.
Results and discussion
The results are shown in Fig. 2(b) . Again, 16 trials were performed for each ISI and converted into the proportion of trials in which observers reported the correct location of the change. The performance showed a dependency on ISI similar to the monoptic condition in Experiment 1, implying the involvement of the same mechanism. This ISI-dependency also indicates that the detection was not simply based on the percept of P1 alone. If observers had been able to distinguish the target by the appearance of P1 alone (e.g. because of binocular rivalry between eyes), the performance would not show the ISI-dependency. These results indicate that the changes in eye of origin were detected by the monocular mechanism for change detection. So, the observers were able to detect a change in the eye of origin. This seems to be at odds with the fact that we are normally not aware of the eye of origin (e.g. Blake, Westendorf, & Fox, 1990; Fox, 1991) . However, the task was not to indicate the eye of origin. Instead, performance was based on the detection of the transient sensation. Interestingly, the results show that a transient sensation can occur independent of the presence of a change in the visual content. This demonstrates that a transient sensation can be classified as a core sensation, without the need of changing visual features such as orientation.
Experiment 3: Discrimination task between a transient and a change
In Experiment 2, we successfully isolated a core transient sensation without the need of an actual change in visual features. One commonly accepted role of visual transients is to draw attention to a location of interest (e.g. Hikosaka, Miyauchi, & Shimojo, 1993; Posner & Cohen, 1984; Theeuwes, Kramer, Hahn, & Irwin, 1998) . As such, attention may help constrain the number of objects that has to be looked for, for example in iconic memory (Sperling, 1960) , and facilitate change detection. Alternatively, it is possible that a transient sensation is directly connected to the perception of a visual change. That is, a visual transient may be sufficient for producing a subjective impression of a change, even when there is no change in the visual content and, as such, is the change.
To examine the possible functional roles of visual transients, we designed an experiment in which observers had to discriminate an actual change from a transient sensation without a change. We used three stimulus conditions (see also Fig. 3 ):
1. Real-change condition: One of the Gabors changed its carrier orientation by 30°where P1 and P2 were presented to the same eye. 2. Transient-only condition: The transient sensation was created as in Experiment 2, where there was no change in orientation. 3. No-change condition: P1 and P2 were presented to the same eye and did not contain a change in orientation. These presentations served as catch trials.
These conditions offer a clear test to distinguish the two possible roles of a transient in change detection. It could be that a transient facilitates change detection by drawing attention to the location of a change, but is not sufficient to create the perception of a change. In that case, observers will be able to distinguish real change from a transient sensation because attention will be drawn to a specific location and serves a starting point for further analyses based on visual features. Alternatively, if a transient sensation may be sufficient to produce the impression of visual change, observers will be poor at distinguishing the two conditions. In other words, if change detection relies solely on the transient sensation, the two stimulus conditions will be perceived as an actual change.
Methods
Observers and apparatus
Observers and apparatus for this experiment were the same as in the previous experiments.
Stimuli
The stimuli used in this experiment are illustrated in Fig. 3(a) -(c). Three types of stimuli were used. The first is equivalent to the monoptic condition in Experiment 1 in which two images were presented successively and where one of the Gabor patches changed its carrier orientation by 30° (Fig. 3(a) ). The second type of stimuli was equivalent to those used in Experiment 2. One of the Gabor patches was presented to one eye, while other patches were presented to the other eye. After a blank interval, the isolated patch was presented on the exact same location but in the other eye. Therefore in P2 all the patches were presented only to one eye (Fig. 3(b) ). The third type of stimuli served as catch trials in which two identical images were presented monoptically (Fig.  3(c) ). A total of 80 trials were performed for each condition in a randomized order. For all conditions, the blank frame presentation time was held constant at 26.7 ms.
Procedure
Observers were instructed to respond only to an orientation change, not to the transient sensation without an orientation change. Prior to the experiment, observers were told that in some trials, the stimuli produce a transient sensation without a change in orientation. They were asked to try and to report this type of transient sensation as ''no change''.
Results and discussion
The results are shown in Fig. 3(d) . The graph shows the percentage of trials in which observers reported a change for each stimulus condition. The t-test between the transient-only condition and the real-change condition turned out to be not significant (T ¼ À0:56; P ¼ 0:594, two-tailed), indicating that a transient sensation due to changes in eye of origin was reported equally often as real changes in orientation.
Given that we informed our observers of the fact that a transient sensation could occur without a change in orientation and instructed them not to respond to those trials, it shows that the observers reported the presence of an actual change regardless of whether the transient involved an orientation change or not. These results make it very tempting to conclude that a transient sensation is directly connected to the perception of a visual change.
General discussion
In this study we investigated the mechanisms for the detection of sudden visual changes. In our experiments we showed that a transient sensation is due to mechanisms at the monocular stages of visual processing. Moreover, we provided evidence along several lines that a transient is sufficient to produce a subjective impression of a change, even if the visual content in terms of spatial features does not change at all. So what do these results imply and how do already known phenomena fit in here? Phillips and Singer (1974) found that change detection is mediated by a monocular mechanism. According to them, the onset response of cells in LGN becomes briefly weaker due to quick adaptation . Because of this adaptation, cells will respond more weakly to those parts of the stimulus that were present in P1 as well as P2 as compared to parts that only show up at the time P2 is presented (for example by changing the eye of origin). In other words, this results in a difference in the transient response to the second display--a larger onset response to a novel stimulus compared with those that were present in P1. Subsequent processing stages exploit the difference in the onset signals and detect the location of the change. This process is likely to operate in a winner-takes-all fashion.
The mechanism of transient-based change detection discussed above provides an explanation as to how transient signals are suppressed and become ineffective in providing signals for successful change detection in the typical change-blindness paradigms. A commonly used technique to induce change blindness is the blank paradigm in which a change occurs during a temporal gap (e.g. Pashler, 1988; Phillips, 1974; Rensink et al., 1997; Simons, 2000) . The idea is that a blank between two visual presentations allows neurons to recover from adaptation. Therefore, the onset response to the change does not differ in magnitude. As a result, change cannot be detected automatically and the detection must rely on an explicit form of memory.
Another well-known method is the mud-splash paradigm in which additional transient distractors are presented together with the change to be detected (O'Regan et al., 1999; Rensink, O'Regan, & Clark, 2000) . This paradigm is effective even when the distractors do not overlap the location of the change. Because the distractors produce as strong transient responses as the target, there is no difference in neural response magnitude and therefore no information about the changed target. So, with multiple transient stimuli, the visual system cannot identify which transient response corresponds to the change. Unlike the blank paradigm, however, the potential target locations are restricted to the transients of the distractors and the change. Thus, the change detection would rely on visual search among the limited number of locations. Indeed, change detection is slightly easier than the blank paradigm (Rensink et al., 2000) .
It is generally thought that transients are important for the detection of change. A common explanation is that a visual transient attracts attention to the location of interest. However, this does not necessarily mean that we have conscious access to the visual representation of the target prior to a change. Moreover, visual acuity makes it sometimes even impossible to have a representation of the object at all, especially when the transient event occurs in periphery. Experiment 3 showed that with a visual transient, observers reported a change even if there was no change in the features after binocular fusion. If attention directed to visual transients served as a cue to recover the visual representation before the change, observers would be able to correctly report that there was no change. As we know now, this is not the case. The transient sensation alone (i.e., no featural change) was judged as an actual event of a change.
In our present study, the nature of the tasks was detection (or localization), but not identification of a change. It has been argued that identification of a change involves a different mechanism than the detection process (Watanabe, 2003; Wilken & Mattingley, 2000) . The dissociation of the two processes implies that in some occasions, observers can detect and localize a change, but cannot identify what the change is. In the Experiment 3, observers could detect the changes based on transient signals. However, they were not aware of the identity of the change, and thus reporting the presence of a real change also in the transient-only condition. This suggests that while the visual transients are likely to play a major role in the detection and localization of a change, they do not directly facilitate the identification process.
At first sight, these results are at odds with the studies on the cueing effect during change blindness (Becker, Pashler, & Anstis, 2000; Landman et al., 2003) . These studies showed that presenting a cue at a location of change during the blank improves change detection. The cue is effective even 1500 ms after the offset of the first display (Landman et al., 2003) . This means that attention can help retrieve the visual representation in the past. However, this cueing effect disappeared when the cue occurred after the onset of the second display (P2), despite the fact that the duration between the offset of the first display and the onset of the cue was shorter than 1500 ms. In other words, when the second display is presented, the previous visual representation is erased and attention cannot retrieve it any more. In our experiment, the transient occurred at the onset of the second display. Therefore, the representation of the first display was erased by the presentation of the second display, and observers were not able to consciously access the feature presented before the change.
Experiment 2 showed that transient sensation is a dissociable core sensation that is independent of the featural visual content. Subjectively, the percept for the change in eye of origin (i.e., a transient sensation without a featural change) is similar to that for a flicker or a brief presentation of a flash as commonly used in cueing experiments. Thus, there is a clear subjective impression that something happened at that location. This type of change detection contrasts with the blindsight in which observers can reliably detect and localize a target, but without a high confidence. Given the qualitative difference between the detection and identification of a change, it would be interesting to see whether observers confidently report the identity of a change in the transient-only condition.
While our present study as well as Phillips and Singer's show that the generation of transient impression originates in early, monocular stages of visual processing, it is an open question at what level of visual processing the subjective impression of a change occurs. The percept of a transient is not fundamentally different from other temporal aspects like flicker and motion. Thus, it could well be that cortical areas responsible for visual temporal modulations such as the area MT/V5 or areas in the parietal lobe (Battelli et al., 2001 ) are involved. Future experiments will hopefully address this question as well.
